Green tea (Camellia sinensis) is rich in catechins, of which (−)-epigallocatechin-3-gallate (EGCG) is the most abundant. Studies in animal models of carcinogenesis have shown that green tea and EGCG can inhibit tumorigenesis during the initiation, promotion and progression stages. Many potential mechanisms have been proposed including both antioxidant and pro-oxidant effects, but questions remain regarding the relevance of these mechanisms to cancer prevention. In the present review we will discuss the redox chemistry of the tea catechins and the current literature on the antioxidant and pro-oxidative effects of the green tea polyphenols as they relate to cancer prevention. We report that although the catechins are chemical antioxidants which can quench free radical species and chelate transition metals, there is evidence that some of the effects of these compounds may be related to induction of oxidative stress. Such pro-oxidant effects appear to be responsible for the induction of apoptosis in tumor cells. These pro-oxidant effects may also induce endogenous antioxidant systems in normal tissues that offer protection against carcinogenic insult. This review is meant point out understudied areas and stimulate research on the topic with the hope that insights into the mechanisms of cancer preventive activity of tea polyphenols will result.
Introduction
Tea (Camellia sinensis, Theaceae) is second only to water in terms of worldwide popularity [1] . The 3 major forms of tea: green tea, black tea, and oolong tea, differ in terms of their production methods and chemical composition [2] . Green tea, which represents 20% of world consumption, is characterized by the presence of large amounts of flavan-3-ols also known as catechins (Fig. 1) . A typical cup of brewed green tea is made using 2 g of tea leaves in 200 mL of hot water and contains approximately 600-900 mg water extractabe solids. Of these solids, approximately 30-40% by weight are the tea catechins. (−)-Epigallocatechin-3-gallate (EGCG) is the most abundant catechin and may represent up to 50% of the catechins by weight. Green tea is prepared by pan-frying or steaming the tea leaves in order to inactive polyphenol oxidase activity in the leaves. By contrast, in the processing of black tea, fresh leaves are crushed and allowed to undergo a polyphenol oxidase mediated oxidation known as "fermentation". This results in the oxidation of the catechins to form catechin dimers, known as theaflavins, as well as polymeric thearubigins. These compounds are responsible of the characteristic color and taste of black tea.
Extensively laboratory and epidemiological studies have suggested that green tea and green tea polyphenols, especially EGCG, have preventive effects against chronic diseases including heart disease, diabetes, neurodegenerative disease, and cancer (reviewed in [3] [4] [5] [6] ). Numerous mechanisms have been proposed to account for the cancer preventive effects of green tea and EGCG in laboratory animal models. These mechanisms include the inhibition of growth factor signaling, inhibition of key cellular enzymes, inhibition of gene transcription, and induction of tumor suppressor genes (reviewed in [7] [8] [9] [10] ). The antioxidant activity of green tea polyphenols and, more recently, the pro-oxidant effects of these compounds, have also been suggested as potential mechanisms for cancer prevention [11] [12] [13] . In the present review, we will discuss the potential role for antioxidant vs. pro-oxidant effects of green tea polyphenols in cancer prevention. We will pay careful attention to the underlying chemical mechanisms involved, the relative strength of the various lines of biological evidence for these effects, and the potential for direct pro-oxidant effects of tea polyphenols resulting in indirect antioxidant effects. Our goal in writing this review is to stimulate research into the role of the redox effects of tea polyphenols as a mechanism for cancer prevention. A better understanding of the chemistry of these compounds, the effects of biological matrices on this chemistry, and the complexity of the biological response to exposure to tea polyphenols will be essential for understanding their ultimate usefulness in preventive chronic diseases including cancer.
Redox Chemistry of Tea Polyphenols

Direct antioxidant effects
The antioxidant activity of (−)-epicatechin (EC), (−)-epigallocatechin (EGC), (−)-epicatechin-3-gallate (ECG), and EGCG has been demonstrated in a number of in vitro and chemical-based assays. The chemistry underlying this activity results mainly from hydrogen atom transfer (HAT) or single electron transfer reactions (SET), or both involving hydroxyl groups. These groups are constituents of the B-rings of EC and EGC, and both B-and D-rings of ECG and EGCG (Fig. 1) .
As chain-breaking antioxidants, tea catechins are thought to interrupt deleterious oxidation reactions by HAT mechanisms, the most important being lipid peroxidation:
Lipid peroxidation is a radical chain reaction in which hydrogen atoms are abstracted (Rxn. 1) from unsaturated fatty acids (L 1 H), yielding alkyl radicals (L 1 •) that react (Rxn. 2) at neardiffusion limited rates with molecular oxygen to give lipid hydroperoxyl radicals (L 1 OO•). In the absence of chain-breaking antioxidants, these peroxyl radicals abstract hydrogen atoms (Rxn. 3) from unoxidized lipid substrate (L 2 ), resulting in new lipid alkyl radicals (L 2 •), thus propagating the chain reaction. Lipid hydroperoxides (L 1 OOH) are produced concomitantly in Rxn. 3, which are further reduced by transition metal-catalyzed, or Fenton-type, reactions to unstable alkoxyl radicals and, eventually, secondary oxidation products (e.g., malonaldehyde). Fortunately, the reaction between lipid peroxyl radicals and unoxidized lipids (Rxn. 3) is relatively slow (ca. 10 1 M −1 s −1 ), affording phenolic antioxidants (PhOH) the opportunity to intercept peroxyl radicals and interrupting chain propagation: (4) This rate (Rxn. 4) is dependent on the bond dissociation enthalpy of the catechins, as the weaker the O-H bond of the hydroxyl group, the faster the reaction with the peroxyl radical [14] . Furthermore, the resulting semiquinone radical (PhO•) must be relatively stable so that it reacts only slowly with unoxidized lipids. This stability is achieved by resonance stabilization of the PhO• species (Fig. 2) [15] .
Tea catechins are also known to quench free radicals by SET reactions, wherein phenolic radical cations are first formed followed by deprotonation:
SET reactions involving phenolic antioxidants and lipid peroxyl radicals give rise to the same products as HAT reactions (i.e., LOOH and PhO•), but are solvent dependent because their rates depend on the ionization potential (IP) of the hydroxyl groups [16] . Whereas the chainbreaking activity of tea catechins are known to involve both HAT and SET mechanisms, it appears HAT mechanisms dominate [14] and that this activity is restricted to the B-ring, even in the case of catechins with galloyl moieties comprising their D-rings (ECG, EGCG) [14, 17] .
Flavanols have been reported to scavenge a host of oxygen, nitrogen, and chlorine radical species, which include superoxide, peroxyl radicals, hypochlorous acid, and peroxynitrous acid [18] . The order of radical scavenging activity of the major tea catechins has been calculated on the basis of δBDE using computational methods, and is predicted to follow the order: EC ≤ ECG < EGC ≤ EGCG [14] . This order is consistent with empirical studies showing the rate of reaction with peroxyl radicals followed the order EC < ECG ≈ EGC < EGCG [19] .
Scavenging of hydroxyl radicals by flavanols, including tea catechins, has also been reported, yet this activity is suspect given the extremely reactive nature of this species; hydroxyl radicals have been shown to react with organic matter in proportion to its concentration [20] , thus given the relatively low bioavailability of the tea catechins, it is hard to envisage that such a reaction plays a major role in vivo.
Trace Metal Catalysis of Polyphenol Oxidation
The rate of catechin oxidation increases as a function of increasing pH [21] [22] [23] . The basecatalyzed oxidation of phenolic compounds is often referred to as "autooxidative" because it is thought that oxygen reacts faster with phenolate anions. While this reaction is thermodynamically favorable, it is kinetically unfavorable, as it would result in new orbitals containing electrons with the same quantum number which is forbidden by the Pauli Exclusion Principle [24] [25] [26] [27] . However, transition metas (e.g., iron and copper) are capable of initiating phenolic oxidation and are essential catalysts in this process [24] . This reaction also yields a reactive oxygen species, namely superoxide (O 2 − •) or its protonated form, the hydroperoxyl radical (HO 2 •), under acidic conditions (Rxn. 9), that is further reduced to hydrogen peroxide (Rxn. 11):
Whereas many have observed rapid phenolic oxidation in aqueous solution without added iron or copper, it is known that such metals are present as contaminants in chemical reagents, buffer, cell culture media, solvents, etc. [25] . The importance of iron catalysis in catechol oxidation has been demonstrated by removal of the metal with desferrioxamine [26, 28] . Catechol "autoxidation" was also stopped at pH 8.0 by the addition of diethylenetriaminepentaacetic acid, catalase, and superoxide dismutase (SOD) [27, 29] .
The metal-catalyzed oxidation of catechins has consequences beyond that of reactive oxygen species generation. Semiquinone radicals and, eventually, quinones are generated in the process, which are highly electrophilic species that can react with free thiol-bearing compounds to form stable conjugates [30, 31] . Furthermore, catechol and galloyl oxidation is coupled to metal reduction (e.g., Fe 3+ → Fe 2+ ; Rxn. 5). The reduced forms of transition metals are known to catalyze lipid hydroperoxide and hydrogen peroxide decomposition to lipid alkoxyl (LO•) and hydroxyl radicals (HO•), respectively. These results suggest a role for transition metals in some of the pro-oxidant effects of green tea polyphenols observed in vitro and in vivo (Discussed below). Although the levels of transition metals are tightly regulated in vivo, the catalytic amounts necessary for the reactions describe above would indicate that such effects may still occur.
Chelation of Metal Catalysts
The association of metals and phenolic compounds does not always lead to deleterious consequences, a phenomenon that appears linked to pH, among other factors. Catechoate-and gallate-ferric complexes appear to be less stable under acidic conditions, liberating ferrous (Fe 2+ ) ions and semiquinone radicals as they fall apart. On the other hand, phenolic-metal complexes appear to be more stable at neutral pH [32] . In some cases, the catalytic activity of phenol-bound transition metals is decreased in such complexes, despite the fact that complexation typically results in metal reduction [33] . Under conditions when the bound metal retains its catalytic ability, the associated phenolic compound may serve to intercept radical species as they are formed on the complexed metal [33] . These so-called "site-specific" reactions, where radical damage is directed at the site of formation, may explain some of the purported hydroxyl radical scavenging activity of tea catechins. Evidence of site-specific metal catalyzed reactions have been reported in biological membranes [34] [35] [36] [37] .
The many elegant chemistry experiments that have been conducted on the redox effects of tea polyphenols provide some potential mechanisms by which to understand the antioxidant and pro-oxidant effects of these compounds in biological systems (Fig. 3 ). These data must, however, be integrated with the complex nature of cell-lines, animal models, and human physiology in order to determine the relevance of these redox effects to human disease prevention.
Role of Antioxidant Effects in the Cancer Preventive Activity of Green Tea Polyphenols Direct antioxidant effects
As described above, tea polyphenols are strong radical scavengers and metal chelators in model chemical systems, and these effects correlate with the presence of the dihydroxy and trihydroxy groups (reviewed in [3, 4] ). An increasing number of studies have also demonstrated these antioxidative effects in vivo.
For example treatment of 24 month old rats with 100 mg/kg, i.g. EGCG decreased the hepatic levels of lipid peroxides (50% decrease) and protein carbonyls (39% decrease) [38] . EGCG treatment also increased the hepatic levels of both small moecule antioxidants and antioxidant enzymes compared to control rats. A second study by the same group found similar results using a much lower dose of EGCG (2 mg/kg, i.g.) over a relatively long period of time (30 d) [39] . These effects were not observed in young rats, suggesting that EGCG offered no improvement in antioxidant status in the absence of pre-existing oxidative stress. This may explain why other studies have failed to observe an effect of tea polyphenol treatment [4, 40] .
Cooking oil fumes represent an important environmental toxicant that has been associated with lung diseases including cancer. Exposure of Wistar rats to cooking oil fumes for 30 min increased ROS levels in the blood and increased levels of ROS and 4-hydroxynonenal (4-HNE) levels in the alveolar lavage fluid [41] . Pre-treatment with green tea catechins for two weeks significantly reduced the levels of 4-HNE and reactive oxygen species (ROS) in the lavage fluid.
Treatment of C3(1) SV40 T,t antigen transgenic multiple mammary adenocarcinoma (TAg) mice mice with 0.05% green tea catechins or black tea theaflavins as the sole source of drinking fluid for 25 weeks results in an increase in mean survival time (5-7% increase) and decreased tumor load (25%-39% reduction) [42] . These changes in cancer parameters correlated with tea-polyphenol mediated decreases in the levels of 3-(2-deoxy--D-erythro-pentofuranosyl) pyrimido[l,2-]purin-10(3H)one, a malonyldialdehyde-DNA adduct, in the tumors by (63-78% decrease). Likewise, decreased tumor burden was associated with increased apoptosis.
Supplementation of healthy human volunteers with 500 mg/d catechins for 4 weeks decreased plasma oxidized low density lipoprotein by 18% compared to control [43] . Tea catechins have also been shown to blunt plasma levels of Fas ligand, interleukin (IL)-6 soluble receptor, hydrogen peroxide, and C-reactive protein in hemodialysis patients [44] . By contrast, a randomized, double blind crossover study of endurance-trained men for 3 wk found no significant effect of green tea extract (160 mg/d catechins) on markers of oxidative stress or inflammation [45] . This lack of effect may be due to the small study size (n = 10) or the high level of physical training of the subjects. Perhaps a greater effect would be observable in more sedentary study population. Such hypotheses should be further explored in larger studies.
Both Schwartz et al., [46] and Hakim et al. [47] have shown that green tea treatment has antioxidant effects in smokers. In the former study, green tea treatment (400-500 mg, 5 times per day for 4 wks) reduced the levels of benzo[a]pyrene adducted deoxyguanosine (B[a]P-dG) by 50% compared to baseline. Tea treatment reduced the number of 8-OHdG positive cells in smokers to a similar extent. In the study by Hakim et al., supplementation of heavy smokers (> 10 cigarettes per day) with 4 cups of decaffeinated green tea (73.5 mg catechins per cup) per day for 4 months reduced urinary 8-OHdG levels by 31% compared to control.
Induction of endogenous antioxidants
Studies have shown that tea treatment can induce Phase II metabolism and antioxidant enzymes in both animal models and humans. Treatment of piglets with 0.2% green tea extract for 3 weeks increased the ex vivo formation of aflatoxin (AF)B 1 glutathione conjugates by small intestinal microsomes [48] . Similarly, treatment of female Wistar rats with 2% green tea solution for four weeks was shown to increase cytosolic glutathione S transferase (GST) activity in the liver [49] . A later study with pure tea polyphenols, however, found no significant effect on hepatic GST activity in Wistar rats [50] . The reasons for these differences are unclear but suggest that non-polyphenolic compounds in tea may play a role in increasing hepatic GST in this model.
Treatment of C57bl/6J mice with EGCG (200 mg/kg, i.g.) has been reported to increase gene expression of γ-glutamyltransferase, glutamate cysteine ligase, and hemeoxygenase 1 in an Nrf2-antioxidant response element-dependent manner [12] . Similar results have been reported in the tumor cells of colon cancer xenograft-bearing nude mice treated with dietary EGCG [51] .
These effects have been re-capitulated in vitro [52] . Treatment of human mammary epithelial cells with EGCG resulted in increased expression of hemeoxygenase-1 and superoxide dismutase. This effect was reduced by small-interfering RNA (siRNA)-mediated disruption of Nrf2, suggesting a role for this pathway in the EGCG-mediated induction of these endogenous antioxidant systems.
Khan et al., have reported that green tea supplementation could reduce the oxidative renal damage induced by cisplatin treatment in Wister rats [53] . Cisplatin increased the levels of lipid peroxides (by 41%), and reduced the levels of SOD (by 23%) and catalase (by 17%) in the cortex of the kidney compared to vehicle-treated controls. Co-treatment with 3% green tea extract prevented the observed increase in lipid peroxides and caused an increase in the levels of SOD and catalase beyond those observed at baseline. Interestingly, treatment with green tea extract alone also increased SOD and catalase levels in renal cortex, but caused a reduction in the levels of total thiols. These results suggest that green tea extract may induce some level of oxidative stress on its own, and that this oxidative stress may lead to the induction of endogenous antioxidant systems. In contrast to the protective effects observed in the renal cortex, green tea extract did not have any significant protective effect in the renal medulla. The underlying reasons for these tissue specific effects remain to be determined, but may be related to differences in tissue blood flow or the distribution of the tea catechins.
In human studies, tea polyphenol treatment has been associated with changes in carcinogen metabolism. For example, a study in China of subjects in high risk areas for liver cancer found that supplementation with green tea polyphenols (500 or 1000 mg/d) resulted in increased urinary excretion of aflatoxin B 1 (AFB 1 )mercapturic acid conjugates (AFB 1 -NAC) compared to baseline [54] . Supplementation with green tea polyphenols for 3 months also resulted in a dose-dependent decrease in urinary 8-hydroxydeoxyguanosine (8-OHdG) levels compared to placebo. Another study in healthy volunteers found that treatment with Polyphenon E (800 mg/d) for 4 wks increased the activity of GST-π in blood lymphocytes [55] . A result that indicates a potential mechanism for the increased excretion of NAC-conjugated carcinogen metabolites observed in China.
Role of pro-oxidant effects in the cancer preventive activity of green tea polyphenols Generation of Reactive Oxygen Species by Tea Polyphenols
Under typical cell culture conditions, green tea polyphenols are unstable and undergo autooxidative reactions resulting in the production of ROS [56] . Sang et al., determined that the stability of EGCG is dependent on the concentration of EGCG present, the pH of the system, the presence of oxygen, and the temperature of the incubation [58] . For example, the half-life of EGCG in water at 37°C increased from 30 min to 150 min as the concentration of EGCG increased from 20-96 μM. Similarly, if EGCG (20 μM) is incubated in phosphate buffer (pH 7.4) under an air atmosphere at 37°C, the half-life is 30 min, whereas under a N 2 atmosphere there is no appreciable loss of EGCG for at least 360 min.
The presence of transition metals has also been shown to play an important role in EGCGmediated H 2 O 2 . Incubation of HL-60 human leukemia cells with tea catechins in the presence of Cu(II) resulted in the formation of 8-oxo-guanosine [59] . Co-incubation with the catalase or the copper chelator, bathocuproine, reduced catechin-mediated oxidative damage.
Induction of Apoptosis and Inhibition of Cell Proliferation
Yang et al., and others have reported that production of ROS plays an important role in the pro-apoptotic effects of EGCG and other tea polyphenols against cancer cell lines [60] [61] [62] . Treatment of 21BES Ha-Ras-transformed human bronchial epithelial cells with EGCG and theaflavin-3,3′-digallate (TFdiG) resuted in dose-dependent growth inhibition with IC 50 values of 24 and 22 μM [60] . Both EGCG and TFdiG induced apoptosis in 21BES cells. EGCGmediated apoptosis was reduced by approximately 50% by inclusion of exogenous catalase, whereas inclusion of catalase had no effect on the pro-apoptotic effects of TFdiG. These results suggested that TFdiG can induce apoptosis by an ROS independent mechanism in this model system.
Similar results have been reported in the RAW 264.7 mouse macrophage cell and with HL-60 human promyelocytic leukemia cells [63] . Treatment of HL-60 cells with 50 μM EGCG resulted in the formation of ROS as measured by dichlorofluoroscein (DCF) fluorescence, and a concomitant increase in the number of apoptotic cells. Inclusion of either exogenous catalase or SOD reduced both the levels of ROS and the number of apoptotic cells.
Treatment of H1299 cells with EGCG have been shown to inhibit cell growth and induce intracellular levels of ROS as measured by oxidation of intracellular DCF [64] . EGCG treatment also increased phosphorylation of histone 2A.X (γH2A.X), a marker of oxidative DNA damage. These effects were reduced, but not eliminated by the inclusion of exogenous SOD and catalase suggesting that EGCG may undergo intracellular oxidation, and suggesting the possibility that EGCG-mediated pro-oxidant activity has relevance in vivo.
Effects on cell signaling
Several studies have shown that the effect of EGCG and other tea polyphenols on key cell signaling pathways may be dependent on polyphenol-mediated reactive oxygen species. Vittal et al., have reported that treatment of 21BES cells with EGCG in the presence of absence of catalase results in differential gene expression patterns [62] . Of note, treatment of cells with 25 μM EGCG results in increased expression of genes involved in transforming growth factor (TGF)β signaling. These included TGFβ1 and β2, SMAD2, 3 and 6, and SMAD anchor for receptor activation. These effects were ablated by inclusion of exogenous catalase. By contrast, EGCG-mediated down-regulation of genes involved in the bone morphogenetic (BMP) pathway (BMP receptor 5, SMAD7, and cullin) were unaffected by the addition of catalase. These results suggest that the effects of EGCG on TGFβ signaling are dependent on EGCGmediated reactive oxygen species, whereas the effects on BMP signaling are not.
It has been reported by several laboratories that EGCG and TFdiG can inhibit epidermal growth factor (EGF) mediated signaling. Initially, it was hypothesized that EGCG competed for receptor binding with EGF, or alternatively inhibited the kinase activity of the EGF receptor (EGFR) [65, 66] . The work of Liang et al., which showed that EGCG competed with EGF for binding to EGF, reported that inhibition the receptor was dependent on the pre-incubation of the receptor with EGCG prior to addition of EGF. This would suggest that the inhibition is in fact not competitive since true competitive inhibition should require no pre-incubation.
Studies by Hou et al., suggest that the effects of EGCG on EGFR-signaling are mediated by EGCG-induced oxidative stress [11] . Pre-incubation of KYSE150 human esophageal cancer cells and A431 human epidermoid carcinoma cells with EGCG inhibited the EGF-mediated phosphorylation of EGFR and also decreased the total amount of EGFR protein present. Interestingly, total EGFR protein was decreased by EGCG pre-treatment even in the absence of EGF stimulation. Under the cell culture conditions used in these experiments, EGCG was unstable, underwent polymerization, and produced ROS. Inclusion of superoxide dismutase (SOD), stabilized EGCG and reduced production of reactive oxygen species. SOD also ablated the inhibitory effects of EGCG on EGFR. These results indicate that EGCG-mediated inhibition of EGF-signaling is at least partially dependent on EGCG-mediated oxidative stress.
Muzolf-Panek et al., have reported that EGCG-mediated ROS production may underlie it ability to induce endogenous antioxidants, at least in vitro [67] . Treatment of Hepa1c1c7 human hepatoma cells with EGCG and (−)-gallocatechin-3-gallate (GCG) resulted in dose-dependent increases in NADPH:quinone reductase-1 mediated transcriptional activity. Transcription of this gene is mediated through the electrophile-responsive element (EpRE). Co-treatment of cells with N-acetylcysteine (NAC) blunted the catechin-mediated increase in EpRE-mediated transcription, whereas co-treatment with buthionine sulfoximine, which reduced intracellular GSH, enhanced the increased effects. These results suggest that the pro-oxidant effects of EGCG and GCG are important for their ability to regulate EpRE-mediated transcription. LC-MS analysis of the cell culture medium revealed the presence of EGCG-2′-glutathione further supporting this conclusion.
The relevance of these mechanisms remains to be determined in vivo. The differences in oxygen tension in cell culture (~155 mmHg) compared to many tissues in vivo (< 40 mmHg) raise questions about whether such oxidation effects can occur [68] . Inside the cells of the body, there is the possibility of superoxide leakage, which could cause the oxidation of EGCG and initiate pro-oxidant effects, but this remains to be tested. Additionally, the concentrations of tea catechins used in these studies exceed those available in vivo following tea consumption [69] . In order to establish the relevance of the pro-oxidant effects of tea polyphenols in vivo, careful mechanistic animal model and human intervention studies are needed.
Pro-oxidant effects in animal models
Hou et al., have previously observed that treatment of NCR nu/nu mice bearing H1299 xenograft tumors with a single daily dose of 40 mg/kg, i.p. EGCG or 0.2% EGCG in the diet resulted in significantly increased expression of γH2A.X in the tumors of the mice compared to control-treated mice [64] . These results indicate that at non-toxic doses of EGCG, which are comparable to those to which humans are exposed [70, 71] , oxidative stress is induced in xenograft tumors. These results must be reproduced in other animal models of cancer to determine the general applicability of this mechanism.
Studies using higher doses of EGCG also show that pro-oxidant effects may play a role in the potential toxic effects of EGCG that have been reported in vivo. For example, Galati et al., have reported that treatment of freshly isolated mouse hepatocytes with 200 μM EGCG resulted in time and dose-dependent cytotoxicity that correlated with the production of ROS as measured by oxidation of dichlorofluorescin [72] . Inclusion of GSH, catalase, or ascorbic acid reduced levels of ROS and EGCG-mediated cytoxicity.
Following treatment of CF-1 mice with 400 mg/kg, i.p. EGCG, EGCG-2′-cysteine and EGCG-2″-cysteine could be detected in the urine [30] . These metabolites are hypothesized to arise from the reaction of EGCG quinone intermediates with the thiol moiety of cysteine, and suggests that at high doses EGCG may have pro-oxidant effects in vivo (Fig. 3) . Our laboratory has recently reported that treatment of mice with high oral doses of EGCG result in the dosedependent hepatotoxicity [73] . These hepatotoxic effects were correlated with increased hepatic lipid peroxidation and expression of hepatic metallothionein I/II and hepatic levels of γH2A.X. These biomarkers all suggest the pro-oxidant effects of EGCG may underlie the hepatotoxicity of EGCG in mice.
Potential Toxicity of High Doses of Tea Polyphenols in Human Subjects
Tea polyphenols are generally regarded as safe based on their long history of dietary usage. Moreover, there have been a number of human intervention studies using relatively high (600-1800 mg/d) doses of tea polyphenols which have reported no adverse reactions [69, 74, 75] . There are, however, an increasing number of case reports of hepatoxicity in humans associated with intake of green tea dietary supplements (reviewed in [76] ). The dose range of green tea supplements in most case reports ranges from 700-2100 mg/d and clinical presentation involves elevated serum transaminase and bilirubin levels, abdominal pain, and occasionally jaundice. In some cases, liver biopsies showed portal and periportal inflammation and necrosis [77, 78] . Although most case-reports involved the use of non-traditional dosage forms (e.g. pills or capsules), there has been a report of green tea beverage causing hepatotoxicity [79] . A 45-yr old man developed jaundice and elevated serum ALT following consumption of 6 cups/d green tea infusion for 4 months. The underlying reasons for this differences in sensitivity to potential green tea toxicity are unclear, but may be related to intra-individual differences in the metabolism and bioavailability of green tea polyphenols.
Conclusions
Green tea polyphenols have been shown to have strong antioxidant activity in vitro by virtue of their ability to quench free radical species and chelate transition metals. Studies in animal models and in human subjects have been less conclusive regarding the direct antioxidant effects of the tea polyphenols. As discussed in previous sections, the direct effects on markers of oxidative stress have tended to be rather weak compared to effects on other pathways involved in carcinogenesis. It is possible that the direct antioxidant effects of tea polyphenols may play an important role under certain circumstances. For example, in conditions of high oxidative stress I(e.g. ulcerative colitis, hepatitis, etc.), tea polyphenols may be able to directly react with and scavenge free radicals, thus blocking tissue damage. Alternatively, it may be that the bioavailability and tissue distribution of tea polyphenols in limited to such an extent that the antioxidative effects observed in vitro very unlikely or impossible in vivo. Further studies correlating in vivo bioavailability with in vitro effective concentrations, and using models of chronic, but localized, oxidative stress should aid in answering these questions.
By contrast, there is considerable and increasing evidence that green tea and EGCG can enhance the expression of endogenous antioxidant systems in both animal models and human subjects. These effects include modulation of plasma and tissue levels of SOD, catalase, and enzymes related to glutathione metabolism [53] [54] [55] . Given the relatively greater capacity of antioxidant enzymes to deal with ROS compared to the lower capacity of presumably low concentrations of tea polyphenols, stimulation of these pathways may ultimately be of more importance to chemoprevention. Further studies on the robustness and longevity of the tea polyphenol-mediated induction of endogenous systems will be very important. A key question is, "How long does the induction of endogenous antioxidant effects last after the tea polyphenols are cleared from the body?" If the answer to that question is that the effects are long-lasting, then these induced antioxidant systems could be of considerable importance.
Although tea polyphenols have generally been regarded as antioxidants, the emerging evidence for the pro-oxidant effects of these compounds is interesting and raises many potential questions. Although a limited amount of data has shown that these pro-oxidant effects can occur in vivo, there have been no careful dose-response studies and there is no strong data relating these pro-oxidant effects and cancer prevention in vivo [64, 73] . It remains unclear how universal these effects might be. Pro-oxidant effects of EGCG have been reported in large xenograft tumors, but it has not been established if such effects occur in normal or hyperplastic tissue at low doses. Further at what point do such pro-oxidant effects transition from a potential beneficial effect to the hepatotoxic effects observed at higher doses of EGCG? Studies answering these questions are needed 1.) to determine appropriate doses for human intervention studies, 2.) to identify potentially responsive subjects, and 3.) to determine individual with increased sensitivity to EGCG-induced toxicity. One particularly interesting possibility is that tea polyphenols, at dietary levels, induce low levels of oxidative stress which "prime" endogenous antioxidant systems to deal with larger oxidative insults arising from ultraviolet light and other carcinogens (Fig. 4) . At this point, this idea remains hypothetical and requires careful dose-response studies comparing induction of oxidative stress, induction of endogenous antioxidant systems, and prevention of carcinogenesis by tea polyphenols It is likely that the cancer preventive effects of green tea polyphenols arise by a relatively small number of mechanisms that affect different aspects of the carcinogenic process. Tea polyphenol-induced antioxidative or pro-oxidative effects may be one such mechanism, and the importance of such effects may depend on the stage of carcinogenesis. For example increased endogenous antioxidant capacity may be more important prior to carcinogen exposure, whereas pro-oxidant cell killing effects may be more important in clearing transformed cells from the body and limiting tumor growth. Careful mechanistic studies in animal models representing different stages of carcinogenesis, and an integrated approach to analyzing the data from these studies will be essential to understanding when and to what extent the antioxidant or pro-oxidant effects of tea polyphenols are important to cancer prevention.
In summary, the cancer preventive effects of tea polyphenols have been demonstrated in a number of laboratory model systems. Similarly, the chemical antioxidative effects of these compounds have been well-studied. It remains for chemists, biochemists, and cancer prevention researchers to incorporate these data into a coherent picture of the role of tea polyphenol-mediated redox effects in cancer prevention. Structures of the major tea polyphenols. Resonance stabilization of unpaired eectrons by the gallate ring found in tea catechins. Oxidative reaction between EGCG, superoxide, and ferric iron resulting in the production of oxidative stress, EGCG dimers, and EGCG-cysteine conjugates (EGCG-SR). PhO = semiquinone radical. Proposed model for the mechanism by which the antioxidant and/or pro-oxidant effects tea polyphenols inhibit the carcinogenic process. ROS = reactive oxygen species, ARE = antioxidant response element, GST = glutathione S transferase, γGT = gamma glutamyltransferase.
